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Abstract 

Electronic Hanbury Brown Twiss correlations are discussed for geometries in which transport is along adiabatically 
guided edge channels. We briefly discuss partition noise experiments and discuss the effect of inelastic scattering and 
dephasing on current correlations. We then consider a two-source Hanbury Brown Twiss experiment which demon- 
strates strikingly that even in geometries without an Aharonov-Bohm effect in the conductance matrix (second- 
order interference) , correlation functions can (due to fourth-order interference) be sensitive to a flux. Interestingly 
we find that this fourth-order interference effect is closely related to orbital entanglement. The entanglement can 
be detected via violation of a Bell Inequality in this geometry even so particles emanate from uncorrelated sources. 
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1. Introduction 

In this article we are concerned with dynamical cur- 
rent fluctuations (noise) in the quantized Hall regime. 
In particular we want to discuss a series of experiments 
for electrons which are close electronic analogs of ex- 
periments in quantum optics. Two aspects make the 
quantized Hall effect [1] (QHE) particularly suitable 
for such a development: First, the chiral nature of edge 
states permits transport of electrons over (electroni- 
cally) large distances. Not only is backscattering sup- 
pressed but a lateral dilution of the "electron beam" is 
also prevented. 

The second element needed to mimick optical ge- 
ometries, the half-silvered mirror, is similarly available 
in the form of quantum point contacts [2,3] (QPC's) or 
gates [4] . Indeed in high magnetic fields a QPC permits 
the separate measurement of transmitted and reflected 
carriers [5]. 

The quantities of interest are noise correlations be- 
tween the current fluctuations measured at two con- 
tacts of a mesoscopic conductor. The optical analog of 
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this quantity is an intensity-intensity correlation mea- 
sured with two detectors. Intensity correlations of pho- 
tons became of interest with the invention by Hanbury 
Brown and Twiss (HBT) of an interferometer which 
permitted to determine the angular diameter of visual 
stars [6]. For photons emitted by a thermal source a 
classical wave field explanation is possible. A quantum 
theory was put forth by Purcell [7]. The HBT effect 
contains two important distinct but fundamentally in- 
terrelated effects [8]: First, light from different com- 
pletely uncorrelated portions of the star gives rise to 
an interference effect which is visible in intensity corre- 
lations but not in the intensities themselves. This is a 
property of two particle exchange amplitudes. Second 
there is a direct statistical effect since photons bunch 
whereas Fermions anti-bunch. It was long a dream to 
realize the electronic equivalent of the optical HBT ex- 
periment. This is difficult to achieve with field emission 
of electrons into vacuum because the effect is quadratic 
in the occupation numbers. This difficulty is absent 
in electrical conductors where at low temperatures a 
Fermi gas is completely degenerate. Initial experiments 
demonstrating fermionic anti-bunching were reported 
by Henny et al. [9] and Oberholzer et al. [10] using 
edge states and at zero-magnetic field by Oliver et al. 



4 




2 

Fig. 1. Cross-geometry for quantized Hall effect measurements. 

[11]. Only very recently was a first experiment with 
a field emission source successful [12]. In contrast, to 
date, there is no experimental demonstration of a two 
particle interference effect with electrons. 

We first briefly review some basic aspects of edge 
state transport. We discuss the first experiments on 
current-current correlations and examine the effect of 
inelastic scattering and potential fluctuations on these 
correlations. We extend a Mach-Zehnder geometry to 
investigate a two-source HBT set-up in which the con- 
ductance is phase-insensitive but the current correla- 
tions are sensitive to phases accumulated along edge 
states [8]. We analyze entanglement in this geometry 
with a Bell inequality [8] . 



2. Edge States and the quantized Hall effect 

Edge states are quantized skipping orbit states. Al- 
though edge states were discussed very soon after the 
discovery of the QHE by Halperin [13], for a consid- 
erable time, they were seemingly irrelevant for the de- 
scription of experiments. After all, in a macroscopic 
Hall bar, the contribution of edge states to the total 
density of states is of measure zero. It was only the in- 
creasing concern with mesoscopic physics that eventu- 
ally brought about a new look at the QHE and lifted the 
notion of edge states from a theoretical concept to one 
that could be experimentally tested. For this advance 
it was necessary to understand the role of contacts as 
current injectors and absorbers of carriers with the pos- 
sibility to generate and measure non-equilibrium (or 
selective) populations of edge states [14,15,16]. 

The simplest (ideal) geometry is shown in Fig. 1. 
For a Fermi energy between the N-th and N+l-th bulk 
Landau level N edge states follow the boundary of the 



sample. Their significance is in the fact that they are 
the only states at the Fermi energy which connect con- 
tacts [14]. Each edge state provides a quantum channel 
which permits transmission of carriers with unit prob- 
ability from the metallic contact from which the edge 
state emerges to the metallic contact which follows it 
clockwise on the perimeter of the sample. Since the 
conductance G a/ 3 = Iu/Vp is equal to (minus) the sum 
of all transmission probabilities we have G41 = G34 = 
G23 = G12 = -{e 2 /h)N. All other elements of the 
conductance matrix vanish. Taking into account that 
the measured resistance is R a 0,~/6 = {V 7 — Vs)/I(a => 
0) where the first pair of indices indicates the carrier 
source and sink contact and the second pair denotes 
the voltage probes, one easily finds that for the con- 
ductor of Fig. 1 Hall resistances of the type -Ri3,42 are 
quantized and given by i?i3,42 = (h/e 2 )(l/N) whereas 
longitudinal resistances of the type Ri4,23 vanish [14]. 

This discussion treats current contacts and voltage 
contacts on equal footing. All conductances are evalu- 
ated at the Fermi energy. On the other hand the above 
discussion can not be used to find the current densities 
inside the sample: like true charge densities are found 
only with help of Poisson's equations the true current 
distribution must be found from a self-consistent anal- 
ysis [17] (which determines the Hall potential) . 



3. Fundamentals of noise 

Fundamentally there are only two sources of noise 
[18,19]: First, thermal agitation of carriers in the con- 
tacts leads to fluctuations in the occupation number of 
incident states and gives rise to Nyquist- Johnson noise. 
Second, a quantum state which has more than one final 
state generates partition noise. We will briefly discuss 
these two sources of noise. 

The average occupation number of a state in con- 
tact a is given by the Fermi distribution function f a — 
(exp((E — /i a )/kT) + 1) _1 where fi a is the (electro) 
chemical potential of the contact. The average occupa- 
tion number is (n a ) — f a . Fluctuations An 
(n a ) away from the average are characterized by mean 
square fluctuations ((An a ) 2 } — f a (l — f a ) determined 
by the derivative of the Fermi function / a (l — f a ) = 
-kT(df a /dE). 

If all contacts are at the same potential this deter- 
mines the Johnson-Nyquist noise. In particular for the 
zero- frequency noise power spectrum S a @ of the cur- 
rent fluctuations at contact a and /3 defined through 

S a p = 2 J dt{AI a (t)AI (O)), (1) 

where AI a (t) = I a (t) - (I a ), we find [5,18] 
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Fig. 2. Partition noise geometry with two quantum point con- 
tacts. The correlation between contacts 2 and 3 is measured. 
The left most quantum point contact permits to control the 
population of the edge state. 

S a0 = 2kT{G afj + G fia ) (2) 

The fluctuation dissipation theorem relates the mean 
squared current fluctuations a = /3 to the diagonal el- 
ements of the conductance matrix and relates the cur- 
rent correlations a / /? to the symmetrized off- diag- 
onal elements of the conductance matrix. An experi- 
mental test of this relation is reported in Ref. [9]. Sim- 
ilarly, voltage fluctuations are connected to the four- 
terminal resistances introduced above [5,18]. The in- 
terest in equilibrium noise is, however, limited since we 
obtain the same information as from conductance or 
resistance measurements. 

Quantum partition noise is a second fundamental 
source of noise. This noise arises whenever a quan- 
tum state has more than one possible final outcome. In 
contrast to the equilibrium noise, quantum partition 
noise is non-vanishing even in the zero-temperature 
limit. To explain this source of noise consider for a mo- 
ment a Gedanken experiment: in each trial a particle 
approaches a tunnel barrier characterized by a trans- 
mission probability T and a reflection probability R. 
We assume that we can detect whether the particle 
has been reflected or transmitted. The average occu- 
pation number of the transmitted state and reflected 
state are (nr) = T and (tir) = R. The fluctuations 
AnT = nr — (nr) in the transmitted state and Aur = 
riR — {ur) in the reflected state have mean squared 
fluctuations and correlations [18] given by 

<(An T ) 2 > = ((Arifl) 2 ) = -{An T An R } = RT. (3) 

The fluctuations are maximal for T = 1/2 and vanish 
in the limit of perfect transmission or complete reflec- 
tion. The quantum partition noise [5,20,21,22] was ob- 
served in quantum point contacts [23], metallic diffu- 
sive wires and chaotic cavities and other systems [19]. 
The above consideration applies only to single parti- 
cles. Statistical effects are a consequence of identical 
indistinguishable particles. Thus an approach to noise 
is necessary which takes the basic symmetries of many 
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Fig. 3. Partition noise geometry with two quantum point con- 
tacts. The inner edge state is completely reflected at both 
QPC's. A dephasing voltage probe (contact 4) generates noise 
even if also the outer edge state is perfectly transmitted at 
both QPC's. An inelastic voltage probe (contact 4) converts 
the shot noise generated at the left QPC into a positive cur- 
rent-correlation S23 ■ 

particle wave functions into account. In second quanti- 
zation a general formulation of the noise power for non- 
interacting particles in terms of the scattering matrix 
s a p was given in Refs. [5,18,24]. The scattering matrix 
s al 3 relates current amplitudes incident in contact f3 to 
out-going current amplitudes in contact a. In the zero- 
temperature limit the current-correlations of interest 
are determined by a matrix 

Bjs = s 7«4a(/« - fo), (4) 

a 

where fo is an arbitrary energy dependent function. 
In terms of this matrix we find the cross-correlations 

7 7^, 

S lS = -2(e 2 /h) j dETr[B\ 5 B l5 ]. (5) 

This proofs that cross-correlations for Fermions are 
negative for conductors in zero- impedance external cir- 
cuits [24,18]. Would we repeat the calculation for pho- 
tons emitted by black-body radiators [18] we would 
find that bunching of photons permits positive corre- 
lations. In what follows we use this expression to eval- 
uate the cross-correlations. 



4. Partition noise experiments 

Consider the geometry of a conductor with two 
QPC's in series as shown in Fig. 2, studied in the 
experiment of Oberholzer et al. [10]. The experiment 
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Fig. 4. Optical Mach-Zchndcr interferometer 

measured the correlation S23 . Contact 1 is at a poten- 
tial eV and contacts 2 and 3 are grounded. The left 
and right QPC's (i = 1 and i = 2) are described by 
scattering matrices 




The resulting zero-temperature correlation function is 
S 23 = -2(e 2 /h)\eV\T?T 2 R2. (7) 

The transmission probability Ti takes the role of the 
Fermi function: for Ti = 1 the edge state is fully filled 
(degenerate), as Ti becomes very small the edge state 
is only sparsely populated. In this latter limit classical 
Maxwell-Boltzmann statistics applies and the correla- 
tion function vanishes. 



5. Effect of dephasing and inelastic scattering 
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Fig. 5. Edge state equivalent of the optical Mach-Zehnder in- 
terferometer. An Aharonov-Bohm fux penetrates the hole of 
the structure. 

allow as shown in Fig. 3 both edge channels to en- 
ter, the dephasing voltage probe generates noise!! The 
distribution function Ja{E) in the dephasing voltage 
probe, under the biasing condition considered here, is 
still a non- equilibrium distribution function and given 
by f A {E) = \h{E) + \h{E). The distribution func- 
tion at the dephasing contact is similar to a distribution 
at an elevated temperature with kT = \eV\/4 with eV 
the voltage applied between contact 1 and contacts 2 
and 3. We have / dEf 4 (E)(l - f 4 (E)) = e\V\/4. Eval- 
uation of the correlation function gives [25], 

S% = -{e 2 /h)\eV\{l/4). (8) 



Texier and one of us [25] investigated the effect of 
elastic (interedge state) scattering, of dephasing and of 
inelastic transitions on the correlation function given 
by Eq. (7). Inelastic scattering and dephasing can be 
investigated with the help of an additional contact, 
shown in Fig. 3. A real voltage probe acts as an inelas- 
tic scatterer. The electrochemical potential 114 fluctu- 
ates as a function of time to maintain the total current 
into the probe at zero. In contrast a dephasing contact 
[26,27] preserves the energies of the carriers at the con- 
tact: it is required that the current into the dephasing 
contact vanishes at each energy. For the single edge 
state used in the experiment by Oberholzer et al. it 
turns out that the correlation Eq. (7) is neither sensi- 
tive to elastic nor inelastic scattering. But the question 
becomes interesting if as shown in Fig. 3 there are two 
edge states. 

The most interesting feature of the dephasing contact 
arises if both QPC's transmit the outermost edge per- 
fectly Ti = T2 = 1 and reflect the innermost edge per- 
fectly. If the dephasing probe is closed, the correspond- 
ing completely quantum coherent sample is noiseless. 
If we now switch on the dephasing voltage probe and 



The electron current incident into the voltage probe 
from contact 1 is noiseless. Similarly, the hole current 
that is in the same energy range incident from contact 
2 is noiseless. However, the voltage probe has two avail- 
able out-going channels. The noise generated by the 
voltage probe is thus a consequence of the partitioning 
of incoming electrons and holes into the two out-going 
channels. In contrast, at zero-temperature, the parti- 
tion noise in a coherent conductor is a purely quan- 
tum mechanical effect. Here the partitioning invokes 
no quantum coherence and is a classical effect [28]. The 
interesting effect in the presence of a real voltage probe 
arises from the fact that the voltage in contact 4 must 
fluctuate to maintain the current at zero. Here we now 
permit the left contact to have transmission probabil- 
ity Ti < 1. The resulting fluctuating voltage leads to 
the possibility of correlated injection of carriers into 
the two edge channels leaving the voltage probe. As a 
consequence the correlation function can now become 
positive even in a purely normal conductor. For the ge- 
ometry of Fig. 3 we find [25], 

S% = +(e' i /h)\eV\(l/2)T 1 R 1 . (9) 
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Fig. 6. Two-source, four-detector optical Hanbury Brown Twiss 
geometry. $ represents an Aharonov-Bohm flux. After Rcf. [8] . 

This simple example shows that interactions can play 
an important role and lead to surprising results. Other 
related problems which show such a sign reversal in- 
clude tunneling into a Luttinger liquid [29] , dynamical 
spin-blockade in a ferro-magnetic-lead normal-dot sys- 
tem [30], or hybrid systems with superconductors, or 
frequency dependent transport [28] . 



6. Mach-Zehnder geometry 

The optical Mach-Zehnder geometry is shown in Fig. 
4. The central property of a Mach-Zehnder geometry 
is that carriers (photons) exhibit only forward scatter- 
ing. This is in contrast with the typical ring like struc- 
tures used in mesoscopic physics where connection of a 
lead to a ring generates invariably backscattering and 
closed orbits. In principle, however, even in zero mag- 
netic field a Mach-Zehnder interferometer can be real- 
ized with the help of X-junctions (see Ref. [31] ) . In high 
magnetic fields, with the help of edge states, a Mach- 
Zehnder interferometer has recently been realized by 
Ji et al. [32] and used to investigate the effect of de- 
coherence on the shot noise [32,33]. The structure is 
schematically shown in Fig. 5. A Corbino like geome- 
try is used with two QPC's. An electron incident from 
contact 1 is at the first QPC either transmitted or re- 
flected. The transmitted partial wave proceeds along 
the outer edge to the second QPC whereas the reflected 
partial wave proceeds via the inner edge to the second 
QPC. 

To be specific we choose the scattering matrix of the 
QPC to be given by Eq. (6). To simplify the results 
we take T — R — 1/2. The interference of the par- 
tial waves in the exiting channel (second-order inter- 
ference) leads to scattering matrix elements which are 
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Fig. 7. Two-source, four detector electrical Hanbury Brown 
Twiss geometry. After Ref. [8]. 

functions of both phases 4>a and 4>b- For instance 

s 3 i = (l/2)[exp(i(0u - ip 2 )) + exp(i(0 A + ipi))] (10) 

Here we have in addition to the geometric phases <f>A 
and 4>b added the effect of an Aharonov-Bohm flux 
through the center of the interferometer, ipi + 1P2 = 
27r$/<I>o with <3>o — h/e the elementary flux quantum. 

If contact 1 is at an elevated potential eV and all 
other contacts are grounded the current at contact 3 
is determined by the conductance G31 = — (e 2 /h)Tsi 
which is 

G31 = -(e 2 /2h)(l + cos(0 s -<t> A - 27T$/$o)) (11) 

The phase- dependence of the transmission and conduc- 
tance is a consequence of the superposition of partial 
waves in an out-going channel. Our goal is now to show 
that there are geometries in which interference effects 
can arise in correlations even so all conductance matrix 
elements are phase-insensitive. 



7. Exchange interference in HBT experiments 

An optical two-source configuration [34] is shown in 
Fig. 6. It is equivalent to the stellar interferometer ex- 
periment of HBT. Two sources 2 and 3 illuminate de- 
tectors at contacts 5 to 8. Note that in this geome- 
try there is no interference due to splitting of an in- 
cident wave and superposition of the resulting partial 
waves in an outgoing channel as in the Mach-Zehnder 
interferometer. Sources 2 and 3 are incoherent and 
their intensities at a detector add classically. Neverthe- 
less the intensity-intensity correlations at contact pairs 
58, 57, 68 or 67 are functions of the phases cf>\ to <f>4 as 
we will now show. 
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The electrical edge state equivalent [8] of the optical 
geometry of Fig. 6 is shown in Fig. 7. The elements 
of the scattering matrix now contain phases only in a 
trivial multiplicative way. For instance the scattering 
matrix element for transmission from source contact 2 
to the detector contact 5 is 

s 5 2 = T* /2 exp(i0i)T < V 2 (12) 

Here Tc and Ta are the transmission amplitudes of the 
QPC's denoted C and A in Fig. 7. Similar expressions 
hold for all other elements of the s- matrix. In contrast 
to the Mach-Zehnder interferometer here phase factors 
like exp(i0i) simply multiply the scattering matrix el- 
ements. An Aharonov-Bohm (AB) flux through the 
hole of this Corbino geometry similarly introduces only 
multiplicative phase factors. Consequently the conduc- 
tance matrix is a function of the transmission and re- 
flection probabilities of the individual QPC's only. 

To be definite let us take the transmission and reflec- 
tion probabilities at the QPC denoted C to be Tc = T 
and R c = R and at D to be To = R and R D = T. If 
the source contacts 2 and 3 are at a potential eV and 
all other contacts are grounded the currents at the de- 
tector contacts are [8] 

h = h = (2e 2 /h)TV, h = h = (2e 2 /h)RV (13) 

independent of the transmission amplitudes of the 
QPC's denoted by A and B in Fig. 7. Most impor- 
tantly, the corresponding conductances reveal no phase 
dependence and are independent of the AB-flux $. 

In contrast to the conductance matrix the correla- 
tion functions now depend on the phases. Consider the 
simple case where transmission and reflection ampli- 
tudes of all QPC's are equal to 1/2. The correlation 
function S&a is [8] 

S 58 = -(e 2 /4h)\eV\ 

X (l+COs(01+02-03-</>4)). (14) 

The correlation function thus depends in an essential 
way on the phases accumulated by different particles 
from the source contact to the detector contact. An 
AB-flux through the hole of the Corbino disk con- 
tributes a positive phase to 4>\ and (f>2 and a negative 
phase to 03 and 04 to give a total additional phase 
contribution of 27r"I > / < I > o. Thus we have a geometry for 
which conductances exhibit no AB-effect but correla- 
tion functions are sensitive to the variation of an AB- 
flux! 

The two particle Aharonov-Bohm effect demon- 
strates nicely that quantum interference is not simply 
related to properties of single particle states. The 
existence of such an additional phase-sensitivity of 
forth-order interference was recognized in early work 
on noise correlations: An early paper [24] on noise 



in multi-terminal mesoscopic conductors was enti- 
tled "The quantum phase of flux correlations in wave 
guides". However, neither in this work nor in subse- 
quent efforts [35,36,37] was a geometry found in which 
the effect can be seen in such a clear cut way as in 
the geometry of Fig. 7. The first term in Eq. (14) is 
the sum of the correlations that are obtained if only 
source 2 is active and if only source 3 is active. These 
single source correlations are phase-insensitive. Indeed 
in the presence of complete dephasing (described e.g. 
with the help of an energy conserving voltage probe, 
say at the outer edge between QPC's C and A) it is 
precisely the first term in Eq. 14 which survives [38] . 

In optics, set-ups with independent sources similar to 
Fig. 6 have been proposed theoretically [34] and inves- 
tigated experimentally [40] in the context of entangle- 
ment and Bell Inequalities(BI). However, non-thermal 
sources and coincidence measurements have been em- 
ployed. Neither of these are available in electrical con- 
ductors. Nevertheless, the joint photon detection prob- 
abilities [41] used to test BI, have the same phase de- 
pendence as the correlation function Eq. (14). This 
naturally raises the question if the above correlations 
are not also in fact a consequence of entanglement of 
the carriers emitted by the two reservoirs? Moreover, 
if this is the case, can this entanglement be used to 
violate a BI expressed in terms of the zero-frequency 
correlators? Below, we show that the answer to both 
these questions is yes. 



8. Entanglement and HBT experiments 

Instead of modulating the phases in Eq. (14) via 
the path lengths, we investigate the correlation func- 
tions in the two-source HBT set-up of Fig. 7 by vary- 
ing the transmission through the two QPC's A and B 
which precedes the detector contacts. This is similar to 
schemes in optics where one varies the transmission to 
the detectors with the help of polarizers. The advan- 
tage of this latter approach is that the Bell Inequali- 
ties in the presence of dephasing [42] (in general not a 
problem in optics) can be violated over a wider range 
of parameters [43]. 

Detection of entanglement via violation of a Bell In- 
equality (BI) in electrical conductors is discussed in 
Refs. [44,45,42,46,47,48]. Following the original sugges- 
tion of Bohm and Aharonov[49], it is most tempting to 
treat spin entanglement. However, it is charge current 
fluctuations that are measured and the conversion of 
spin to charge information adds to experimental com- 
plexity. Entanglement can, however, take other forms 
[42,46,48] and below we follow Refs. [42,46] and discuss 
entanglement of orbital degrees of freedom. 
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To simplify the following discussion we now assume 
an AB-flux $ such that the phases in Eq. (14) add up 
to a multiple of 2tt. The transmission and reflection 
probabilities through the detector QPC's are taken to 
be Ta = 1 — Ra = sin 2 (6<A) for A and with 8a replaced 
by 8b for B). Ref. [8] finds the noise powers 

S 58 = S &7 = -(2e 2 /h)\eV\RTcos 2 (8 A - 8 B ), (15) 
S 57 = Sas = -(2e 2 /h)\eV\RT sin 2 (8 A - 8 B ). (16) 

The non-local dependence on the angles 8a and 8b 
is just the one found for the two-particle joint detec- 
tion probability in the context of two-particle entan- 
glement, as originally discussed by Bell [41]. 

To provide a clear picture of entanglement in the 
HBT geometry we now explicitly construct the many- 
body state generated by the two incoherent source 
reservoirs 2 and 3. In a second quantization notation 
(suppressing the spin index) the transport state gener- 
ated by the two sources is 

l*>= LI 4(E)4(E)\0) (17) 

0<E<eV 

where |0) is the ground state, a filled Fermi sea in all 
reservoirs at energies E < 0. The operator c\,{E) cre- 
ates an injected electron from reservoir a at energy E. 
To analyze this state consider first a pair of single elec- 
trons at energy E described by 44 1^)- Let us denote 
the creation operators of particles reflected at C by c\ B 
and of particles transmitted at C by c\ A . Similarly, let 
us denote the creation operators of particles reflected 
at D by c\ A and of particles transmitted by c\ B . The 
second index A, B thus denotes towards which beam- 
splitter the electron is propagating. The state (keep- 
ing in mind that C transmits with probability T and 
D transmits with probability R) beyond the QPC's C 
and D is then [8] 

|*) = |*) + |* T ) + |*fl) (18) 
with 

I* > = v^(4a4b + «4b«4a) l°) 

|*t) = TcLcLlO), |* b > = #4*4*10) (19) 

The total state \^) consists of a contribution, in 
which the two particles fly off one to A and one to 
B, and of two contributions, \^r) and \^t), in which 
the two particles fly both of towards the same detector 
contact. 

A particularly simple limit is the case of strong asym- 
metry R <C 1, where almost all electrons are passing 
through both source beam splitters towards detector A. 
In this limit, the state \ ^r) can be neglected. Moreover, 
by redefining the vacuum to be the completely filled 



stream of electrons, i.e. introducing |0) = 4a4aI0)> 
we can write the state |^) to leading order in \/R~ as 

|*) = (1 + VR [cl B c 3A - 4 B c 2A \ ) |0> (20) 

The operators c 3 a{E) and C2a{E) now describe hole 
excitations, i.e. the removal of electrons from the filled 
stream. To leading order in y/~R the total state in Eq. 
(17), including again the full energy dependence, can 
thus be written as 

|*) = |0> + 

eV 

VR J dE [cl B (E)c 3A (E) - 4 B (E)c 2A (E)] |0> (21) 
o 

Due to the redefinition of the vacuum [42], we can in- 
terpret the resulting state as describing a superposition 
of electron- hole pair excitations out of the ground state 
(created at C and D), i.e. an orbitally entangled pair 
of electron-hole excitations. This is equivalent to the 
recent findings by Beenakker et al, [46], who discussed 
the generation of entangled electron-hole pairs at a sin- 
gle QPC. The state is similar to the two-electron state 
considered by Samuelsson, Sukhorukov and Biittiker, 
[42], emitted from a superconductor contacted at two 
different points in space. We note that that the new 
vacuum |0) does not contribute to the current correla- 
tors since it describes a filled, noiseless stream of elec- 
trons. 

Can we formulate a BI in terms of the zero-frequency 
cross-correlators Eq. (16)? In the strongly asymmet- 
ric case, R <C 1, this is clearly the case. The state in 
Eq. (21), describes Poissonian emission of orbitally en- 
tangled electron-hole pair wave packets. Following Ref. 
[42], the average time between each emission is much 
longer than the coherence time of each pair, and the 
zero frequency cross correlations are just identical to 
a coincidence measurement, running over a long time. 
The electron-hole joint detection probability is propor- 
tional to the zero frequency cross correlations. One can 
then apply the arguments in the original paper of Bell 
[41] and directly formulate a BI in terms of the zero 
frequency cross correlators [42] for four different angle 
configurations — 2 < Sb < 2, in the form [50,51] 

Sb = E{8 A , 8 B ) - E(8 A , 8' b ) + E{8' A , 8b) + E(8' A , 8' B ){22) 

where the Bell correlation functions 

E{8 A , 8 B ) = (S 5 g + S 67 - S 57 - S 68 )/S„ (23) 

with S = ~{Ae 2 RT/h)\eV\ arc given by 

E{8 A , 8 b ) = cos(2[6» A - 6 B \). (24) 

By adjusting the four angles the maximal Bell param- 
eter is S = 2\[2 and the BI is thus violated. 
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We note that the phase dependence of the current 
correlators in Eq. (16) is not a result from taking the 
limit R <C 1. However, for R not small, many electron- 
hole pairs are superimposed on each other during the 
measurement, i.e. the average emission time of the 
electron-hole pairs is of the order of the pair-coherence 
time. As pointed out above, the derivation of the BI 
in Eq. (22) rest on the assumption that the pairs are 
well separated, and the BI can thus not be applied for 
arbitrary R. Whether the phase dependence of the cor- 
relators in Eq. (16) results from some kind of multi- 
particle entanglement and whether this entanglement 
can be detected via a violation of a BI, are interesting 
questions which however go beyond the scope of the 
present paper. 

We have discussed only the case of integer quantum 
Hall states. The fractional quantum Hall effect offers 
a wider, very interesting, area for the examination of 
correlations [52,53] since in this case fractional statis- 
tical effects are realized. 

The HBT effect and the BI both concern two parti- 
cle effects. In this work we have established a relation 
between the two. The simple adiabatic edge-state ge- 
ometry described above using only normal reservoirs as 
particle sources, the focus on orbital non-locality and 
the use of zero- frequency correlators brings experimen- 
tal detection of entanglement in electrical conductors 
within reach. 
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Note added in proof 

Since submission of this work, we have included a 
treatment in Ref. [8] of entanglement and violation 
of a Bell Inequality due to post-selection for a nearly 
symmetric (large transmission interferometer) going 
beyond the tunneling limit. We acknowledge discus- 
sion and correspondence (unpublished) with C. W. J. 
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